Background: Porcine circovirus type 2 (PCV2) is the causative agent of porcine circovirus-associated disease (PCVAD). Its prevalence in swine herds was first reported in China in 2000. PCV2 infection causes immunosuppression that leads to multiple diseases, causing serious economic problems for the swine industry in China. Since information on the genetic variation of PCV2 in Yunnan province is limited, this study aims to investigate the molecular epidemiological and evolutionary characteristics of PCV2 from 2016 to 2019. Methods: A total of 279 clinical samples were collected from different regions of Yunnan between 2016 to 2019, and PCV2 was detected by PCR. We then amplified full genomes from the positive samples, and the sequences were analysed for homology and genetic evolution. Results: Overall, 60.93% (170/279) of the screened swine herd samples were positive for PCV2. We sequenced 15 Yunnan province PCV2 strains from positive samples. Analyses of the complete genomes and Cap genes led to the classification of the 15 Yunnan PCV2 strains into PCV2a (2 of 15), PCV2b (1of 15) and PCV2d (12 of 15). All strains shared 94.3-99.9% of their identities with the nucleotide sequences of complete genomes in this study and shared 94.2-99.9% identity with the reference sequences. All strains share 89.4-100% and 86.8-100% of their identities with the nucleotide and amino acid (aa) sequences of Cap, respectively. Conclusions: The results of this study provide evidence that PCV2a, PCV2b and PCV2d genotypes coexisted in Yunnan Province from 2016 to 2019, and the priority prevalence genotype was PCV2d. The data provide evidence for the increased genetic diversity and insights into the molecular epidemiology of PCV2. This study also provides basic data for the Yunnan province PCV2 molecular epidemiological survey and accumulates effective materials for the development of PCV2 vaccines.
Background
Porcine circovirus type 2 (PCV2), a member of the family Circoviridae, is a small, non-enveloped virus with a circular, single-stranded DNA genome. It has an icosahedral symmetrical structure with a diameter of approximately 17 nm [1] . PCV2 is the causative agent of porcine circovirus-associated disease (PCVAD), which manifests as postweaning multisystemic wasting syndrome (PMWS), reproductive failure, porcine dermatitis and nephropathy syndrome (PDNS), congenital tremors (CT), porcine respiratory disease complex (PRDC), enteritis, and proliferative and necrotizing pneumonia (PNP), among other conditions [2] . Since its identification in the 1970s, PCV2 has become prevalent globally. PCV2 infection normally causes immunosuppression and reduced immunity by damaging the immune system, which leads to coinfections with other pathogens, such as Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), CSFV and Porcine Pseudorabies Virus (PRV), usually resulting in worse conditions, making the requirements for prevention and control more serious [3] . PCV2 infection has caused huge economic losses in pig production in China and worldwide and is recognized as one of the most important pig diseases.
The genome of PCV2 contains 1766-1768 nucleotides, with eleven overlapped and nested open reading frames (ORFs). Six ORFs (ORF1-6) encode proteins that have been identified from these overlapped and nested ORFs [4, 5] . The viral genome contains two major open reading frames: ORF1 and ORF2. ORF1 encodes two proteins associated with replication, designated as Rep and Rep' [6] . ORF2 encodes the capsid (Cap) protein. The Cap protein is the only structural protein of PCV2 virus that contains immunologically important epitopes associated with virus neutralization. Therefore, the ORF2 and Cap proteins are commonly used for PCV2 phylogeny, epidemiology, and genetic diversity analyses [3] . PCV2 may evade the immune response in the form of mutations because of the immune pressure due to vaccination and may affect the antigenicity and immunogenicity of the Cap protein. Huang found that after a single amino acid change in the PCV2 Cap protein, a strain cannot be neutralized by an antibody known to have neutralizing capacity [7] . PCV2 maintains evolutionary dynamics closer to single-stranded RNA viruses than double-stranded DNA viruses because the rate of nucleotide substitution for PCV2 has been estimated to be 1.2 × 10 − 3 sites per year, which is the highest recorded substitution rate for a single-stranded DNA virus [8] .
Since the first isolation of the PCV2 virus in 1998, PCV2 strains have been classified into five genotypes (PCV2a, PCV2b, PCV2c, PCV2d and PCV2e) based on phylogenetic analyses of genomes and ORF2 sequences [9] . PCV2a is the first genotype to be identified, and PCV2a and PCV2b are distributed worldwide. PCV2a can now be further subdivided into five (2A-2E) and three (1A-1C) clusters [10, 11] . Since 2003, there has been an observable worldwide genotypic shift, with PCV2b replacing PCV2a and becoming the predominant genotype. The PCV2d genotype has recently become a popular genotype in the world and can be subdivided into two clusters (2d-1 and 2d-2) [11, 12] . PCV2c was detected only in Denmark in archived swine serum samples [13] . PCV2e is a new genotype that has been circulating in the USA since 2015, the ORF2 sequences of which have 12 or 15 additional nts (CTT/TCTTA-TATGTAA) compared to those of PCV2a-PCV2d. PCV2e was reported in China for the first time in 2017 [14, 15] . Intermediate and new genotypes have been proposed, with increasing numbers of sequences available in recent years. For example, the recombinant cluster that recombines between PCV2a and PCV2b strains can occur in the Cap protein-coding region through different patterns and yield different recombinants [16] . In 2018, results from a retrospective analysis showed that a new genotype, PCV2f, was tracked to samples collected in 1996 in China [17] . Up to now, there is no specific treatment available for PCV2 infection and PCVADs. Vaccination has proved to be the best choice to prevent PCV2 infection in the field. However, with its high evolution rate, the virus' predominant genotype is constantly changing. This leads to the appearance of new genotypes and increased difficulty for vaccine development, making the prevention and treatment of PCV2 more difficult. Thus, investigation of the antigens and capsid structure variations of the virus is critical to improve diagnosis, new vaccine design, and our understanding of the PCV2 pathogenesis of this disease.
In the past few years, other studies have provided remarkable knowledge of PCV2 epidemiology and genetic variation. Nevertheless, there is limited information on the genetic variation of PCV2 in Yunnan province. In this study, we investigated the prevalence of PCV2 based on 279 clinical pig samples from 11 different regions of Yunnan from 2016 to 2019. The objectives of the study were to investigate the epidemiological and evolutionary characteristics of PCV2 in Yunnan province from 2016 to 2019. The results of this study may enrich the epidemiological data of PCV2 in our province and provide reference information for the comprehensive prevention and control of PCV2.
Results

PCV2 detection
A total of 279 pig tissue samples from pig farms in different regions of Yunnan were screened for PCV2 by PCR from 2016 to 2019. The length of the amplified products was 549 bp of the PCV2 genome. A total of 170 samples were PCV2-positive (60.93%) ( Table 1 ). The infection rate varied between different ages, with the highest found in aborted pigs, while milking sows had the lowest infection rate, and fattening pigs were similar to nursery pigs ( Table 2) .
Genomic sequences
Fifteen full genomes of PCV2 isolates from positive samples collected from 7 prefectures of Yunnan province were sequenced. These genome sequences were submitted to the GenBank database under the following accession numbers: MH151168, MH645914, MH656967, MH593263, MH620789, MK405696-MK405701, MK424113-MK424115, and MK987069.
Phylogenetic analysis of PCV2 using complete genome and ORF2 sequences
A phylogenetic tree based on genomes of the 15 PCV2 strains was constructed together with 95 reference sequences representing genotypes from China and other countries. The phylogenetic trees displayed similar topologies in both neighbour-joining (NJ) and maximumlikelihood (ML) methods, and five main clades were delimited with porcine circovirus type 1 (PCV1) as an outgroup. Phylogenetic analysis showed that Yunnan PCV2 strains were classified into three subtypes: PCV2a, PCV2b and PCV2d ( Fig. 1 ). Two strains belonged to the PCV2a genotype, one strain belonged to the PCV2b genotype and other strains belonged to the PCV2d genotype; the genotype proportions of isolated strains were 13.3, 6.7 and 80% respectively. We did not find the 2c and 2e genotypes in Yunnan, and the NJ tree based on ORF2 gene sequences displayed similar results with that of the complete PCV2 genome.
Sequence alignment
The genome sizes of 13 PCV2 strains were 1767 nucleotides, and 2 isolates were 1768 nucleotides in length. The complete genomes and ORF2 genes were analysed to detect the relationships between and within the different genotypes of the 15 Yunnan PCV2 isolates (Table 3) . We found that all strains shared 94.3-99.9% nucleotide sequence identity for the whole genome within the different genotypes of 15 Yunnan PCV2 strains and 94.3-99.9% identity with reference sequences. Among the PCV2a, PCV2b, and PCV2d strains sequenced in this study, genotypes PCV2b and PCV2d had the highest nucleotide identity (96.0-97.6%), and PCV2a was more different from PCV2d in terms of identity (94.3-95.0%). When compared with two vaccine strains, SH and LG (AY686763 and HM038034), all nucleotide homology levels of the Yunnan strains were 94.7-98% and 95.1-96.7%, respectively.
The results of ORF2 sequence analysis showed that the homology of the ORF2 gene of Yunnan strains ranged from 89.7-100%, and the homology with the ORF2 genes of domestic and foreign reference strains ranged from 89.4-100%, similar to the homology analysis results based on complete genome sequence analysis. In contrast, the homology of strains between different genotypes was quite different; for instance, the homology between PCV2a and PCV2d ranged from 89.5-92.6%.
Amino acid analysis of ORF2
The lengths of ORF2 of the Yunnan PCV2 isolate were 702 nts (PCV2a, PCV2b or PCV2d) and 705 nts (PCV2d), encoding Cap proteins of 233 and 234 amino acids, respectively. Further analysis of the Cap protein sequences of the 15 Yunnan PCV2 strains (Fig. 2 ) indicated that 2 of the 15 isolates (LiJiang-2017 and LiJiang-2018) corresponded to PCV2a, with three unique amino acid mutations at residues 133 (A133V), 134 (T134N), and 206 (K206I), and unique amino acid mutations at residue 154 (F154L) in LiJiang-2017 and residue 50 (S50P) in LiJiang-2018. The Yuxi-2018 strain corresponded to PCV2b. In addition, Yuxi-2018 harboured a unique amino acid mutation at residue 59 (R59K). 
Discussion
PCV2 infection in Yunnan province
Porcine circovirus type 2 is the causative agent of PCVAD and is one of the most notorious diseases in the global swine industry. Vaccination pressure, natural selection, and the international pig trade are all responsible for the high genetic diversity of PCV2 in China [18] . PCV2 is widespread in herds worldwide. Though PCV2 infection alone does not cause clinical disease, the Fig. 1 Phylogenetic analysis based on complete genome sequences obtained in this study together with the reference sequences from GenBank. The neighbor-joining tree was constructed by molecular evolutionary genetics analysis (MEGA) software version 7.0 with the evolutionary distances were computed using the p-distance method. A PCV1 sequence provided an outgroup to root the tree. The PCV2 strains obtained in the present study are indicated with red resulting autoimmune inhibition still leads to coinfection; thus, the virus is responsible for multiple diseases. PCV2 infection has caused serious economic problems for the swine industry in China [19] . In this study, 279 samples collected from 2016 to 2019 were screened for PCV2 by PCR, with a positive rate of 60.93%. Moreover, the infection rate of PCV2 increased from 2016 to 2019. Despite the widespread use of PCV2 vaccines, clinical and subclinical infections of PCV2 were still present in Yunnan swine herds.
Genomic sequence analysis
PCV2 is highly prevalent in pig herds, all currently recognized genotypes have been found in China except for PCV2c [20] . PCV2a has been prevalent in pig herds since PCV2 infection was first reported in China in 2000, and the predominant genotype has shifted from PCV2a to PCV2b. In more recent times, PCV2d has become the new emerging major genotype circulating in China [16] . PCV2d can be further divided into two main groups: PCV2d-1 and PCV2d-2. In this study, we found that PCV2d-2 has replaced PCV2b and become the predominant PCV2 genotype [21] . Phylogenetic analysis showed that the co-infection of multiple PCV2 genotypes (2a, 2b, 2d) is common in Yunnan pig herds, and the PCV2d strain is the main epidemic genotype, accounting for 80% (12/15) of the isolates in Yunnan. The genetic diversity of PCV2 is continuously increasing, and the cycle of the three genotypes continues in the herd. These results indicate that the prevalence of PCV2 in Yunnan has been complicated in recent years.
Sequence alignment of ORF2
The results of sequence alignment revealed that the nucleotide sequences of Yunnan PCV2 isolates showed significant similarities at different times in the same region, with some similarities reaching 99.9%. Strains isolated from sites in close proximity to each other also have higher homology. ORF2 encodes the capsid protein, which is the only structural protein of the PCV2 virus that contains immunologically important epitopes associated with virus neutralization [22] . Lower nucleotide sequence identities and amino acid homology with vaccine strains will result in noneffective cross-protection and immune failure [23] . PCV2b isolates presented a high amino acid sequence identity of 97.4% with vaccine strain SH (HM038027), and PCV2a isolates presented an amino acid sequence identity of 93.1% with vaccine strain LG (M038034). In contrast, PCV2b isolates presented an amino acid sequence identity ranging from 89.7-92.7% with two vaccine strains. Interestingly, the genotype shift from PCV2b to PCV2d appeared mainly in pig herds vaccinated with a PCV2 vaccine, and the homology is similar between PCV2d and PCV2b, suggesting that PCV2d originated from PCV2b. [24] . Additionally, the amino acid epitopes 50-81, 113-134, 161-208, and 227-233 in the Cap protein of PCV2 have been previously identified [25] . Alanine at position 59, threonine at position 190, and glutamic acid at position 191 are parts of a conformational neutralizing epitope [7, 26] . Asparagine at position 77 and isoleucine at position 206 are key residues and essential for antibody recognition [27] . According to a previous report, if an amino acid in an epitope mutates, the mutated virus cannot be recognized by the epitope's antibody [28] . Meanwhile, compared with the traditional PCV2a/PCV2b strain, the PCV2d strain contains seven unique amino acids (53I, 59 K, 68 N, 89 L, 90 T, 134 N, 169R) in the Cap protein sequence, and these amino acids are mostly distributed along the surface of the viral nucleocapsid. This new surface conformation also renders the antibodies raised against the SH and LG vaccines unable to neutralize the virus [29] . In the present study, several aa mutations occurred at epitopes in the Cap protein. For the isolates Lijiang-2017 and Lijiang-2018, mutations occurred at positions 133 (A133V), 134 (T134N) and 206 (I206K). Although Lijiang-2017 and Lijiang-2018 belong to PCV2a, these aa mutations are consistent with PCV2d unique amino acid sequences and occurred at epitope-associated positions.
Amino acid analysis of ORF2
Yuxi-2018 isolates belong to PCV2b; a mutation at position 59 (R59K) is consistent with PCV2d. These aa mutations may be responsible for contributing to genotypic variation in PCV2. In addition, several PCV2d isolates also substituted mutations at positions 53 (Y53C) and 187 (L187P) in HongHe-2016, 169 (R169G) in HongHe-2017 and HongHe-2018, and 200 (T200P) in KunMing-2018. These aa mutations at epitopeassociated positions may be responsible for PCV2 escaping from the immune defence of the host and promoting the spread of PCV2 strains among pig populations.
Although the widespread use of vaccines can control PCVAD, PCV2 is still present in pig herds, which suggests that some changes might have occurred on the viruses. PCV2 escapes the host immune system by continuously changing its antigenic properties. Mutations at the positions between different genotypes of the isolates are positively selected under pressure, suggesting that amino acid changes at these sites are beneficial for the virus and may contribute to the escape of PCV2 from the host immune system.
Conclusions
The results of this study provide evidence that PCV2a, PCV2b, and PCV2d genotypes coexisted in Yunnan province from 2016 to 2019, and the most prevalent genotype was PCV2d. The data provide evidence for increased genetic diversity and insights into the molecular epidemiology of PCV2. These data indicate that the prevalence of PCV2 in Yunnan province in recent years is complicated. Mutations occurred at epitope-associated positions, suggesting that the aa changes may have contributed to the escape of PCV2. This study also provides PCV2 prevalence and genetic variation data for Yunnan province and will benefit the development of new effective PCV2 vaccines.
Methods
Samples
During disease outbreaks, both blood and tissue samples were collected through necropsy of dead bodies in live clinical cases, only blood samples were collected. A total of 279 clinical samples (blood, lungs, kidneys, livers, and lymph nodes) were collected from 17 different-sized pig farms with 100-1000 sows in 7 regions in Yunnan province, China, from 2016 to 2019. All clinical samples were from pigs of different ages, including Nursery pigs, Fattening pigs, Milking sows, Breeding boars and Aborted pigs. The experimental protocols were approved by the Animal Ethics Committee at Yunnan Agricultural University (permission code: YAUACUC2016; date of publication: July 10, 2016), and animals were handled according to the animal ethics guidelines.
Detection of PCV2
Total viral DNA was extracted directly from sera and tissue samples using the DNeasy Tissue Kit (TaKaRa) according to the manufacturer's instructions. Two pairs of primers were used to detect PCV2 (F1 ACCGTTACCGCTGGAG AAGGAAAAA, R1 TGGTTACACGGATATTGTAGTC CTG) and to amplify the whole 1.7-kb genome (F2 ATC-CACGGAGGAAGGGGGCCAGTT, R2 GTGGATTGTT CTGTAGCATTCTTCCA). The PCRs in a total volume of 25 μl contained 12.5 μl of 2 × Easy Taq PCR Mix (TaKaRa), 1 μl of extracted DNA, 1 μl of F1, 1 μl of F2, and 9.5 μl of ddH 2 O. PCR amplification was initiated at a predenaturation stage of 94°C for 5 min, followed by 34 cycles of denaturation at 94°C for 30 s, annealing at 62°C for 30 s, and extension at 72°C for 40 s. PCR products were analysed via 1% agarose gel electrophoresis and photographed using a gel imaging system. The amplified products were 549 bp in length in positive samples.
qPCR and genome sequencing protocols
Strong-positive samples from PCV2-positive samples were selected by qPCR, and the standard curve was established. The qPCR amplification of PCV2 was carried out in 20-μL reaction mixtures containing 10 μL of TB Green II (TaKaRa), 0.8 μL of Forward primer (F), 0.8 μL of Reverse primer (R), 0.4 μL of ROX and 50 ng of DNA template. A strong linear relationship was also evident, with an R2 of 0.999, and the E was 100.91%. The linear relationship between Ct and the copy number was calculated as: Ct = − 3.3X+ 31.35. Based on geographic region, prevalence time and positive rate, representative strains were selected from positive samples for genome sequencing. The selected positive samples used primers F2/R2 to amplify the genome. Subsequently, positive PCR products 1767 nts in length were purified using the DNA Glue recovery kit (TaKaRa). The purified PCV2 genomic DNA products were ligated into the PMD19-T vector (TaKaRa) and then used to transform Escherichia coli DH5α competent cells (TaKaRa). Positive bacterial suspensions were sent to Shanghai Huada Corporation for sequencing. Whole genome was sequenced twice, and the sequence was submitted to the NCBI GenBank database.
Phylogenetic analysis
Fifteen complete genomes of PCV2 isolates were identified in Yunnan province from 2016 to 2019. Ninety-five representative PCV2 sequences, including PCV2a, PCV2b, PCV2c, PCV2d, and PCV2e, downloaded from GenBank, were used for phylogenetic analyses. Phylogenetic trees based on complete genomes were constructed using the neighbour joining (NJ) method with MEGA 7.0, the maximum composite likelihood model, and a bootstrap confidence value of 1000 replicates. Translations of 15 ORF2 nucleotide sequences to amino acid sequences were made using DNAStar software. Multiplex sequencing alignments were performed using ClustalW in the Megalign programme (DNAStar software).
Amino acid analysis of ORF2
The amino acid sequences of ORF2 were aligned using a multiple sequence aligner in ClustalW of the MEGA 7.0 to identify amino acid alterations. 
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